ABSTRACT: Li-air batteries (LABs) are promising because of their high energy density.
II -salen) in electrolyte for
LABs. The advantage of such a combination is that on one hand, the coating layer of δ-MnO2 with about 2-3 nm on MCNTs@MnO2 nanocomposite catalyzes Li2O2 decomposition during charge and suppresses side reactions between product Li2O2 and MCNT surface. On the other hand, Co II -salen works as a mobile O2-carrier and accelerates Li2O2 formation through the reaciton of (Co , which easily attacks organic electrolyte. By using this double-catalyst system of Co-salen/MCNTs@MnO2, the lifetime of LABs is polonged to 300 cycles at 500 mA g -1 (0.15 mA cm -2 ) with fixed capacity of 1000 mAh g -1 (0.30 mAh cm -2 ) in dry air (21% O2). Furthermore, we up-scale the capacity to 500 mAh (5.2 mAh cm -2 ) in pouchtype batteries (~4 g, 325 Wh kg -1 ). This study should pave a new way for the design and construction of practical LABs.
Lithium-air batteries (LABs) have recently attracted extensive academic and technological interest due to their high theoretical energy density of ~3600 Wh kg -1 based on the electrochemical reaction pathway of 2Li + + O2 + 2e − ↔ Li2O2. [1] [2] [3] [4] [5] However, LABs still suffer from three critical issues. The first one is insufficient catalytic activities towards Li2O2 formation/decomposition, leading to large electrochemical polarizition during discharge and charge. The second one is side reactions not only between nonaqueous electrolyte and superoxide intermediate but also between carbon cathode surface and product Li2O2, [6] [7] [8] [9] resulting in short cycling life. The third one is slow diffusion and large concentration polarization of oxygen in electrolyte, giving rise to the requirement for high-purity O2. The cathode reactions include the formation of superoxide intermediate (LiO2 or O2 -) and Li2O2 product in discharge and the decomposition of Li2O2 in charge. [10] [11] [12] [13] [14] The superoxide intermediate easily decomposes the organic electrolyte; while, the insoluble Li2O2 product that is deposited on carbon cathode tends to oxidize the defects and oxygen-containing radicals on carbon cathode surface. The inexpensive method to increase catalytic activities towards Li2O2 formation/decomposition is worth developing. However, the report on costeffective methods to prevent carbon cathode surface from side reactions and avoid the formation of superoxide intermediate is still limited.
During reversible cycles of LABs, the Li2O2 formation/decomposition occur at the interface between Li2O2 and cathode surface (or solid catalyst surface), on which the catalytic activity of catalysts and electron conductivity are key factors of the battery performance. [15] [16] [17] Cathode catalysts based on multi-wall carbon nanotubes (MCNTs, >200 S m -1 ) such as MCNTs@RuO2 are popular, exhibiting advanced performance. 18, 19 Replacing noble metal with cheap metal oxides (e.g. MnO2) with controlling the coating thickness to several nanometers is able to lower cost, maintain superior conductivity, and especially avoid side reactions [19] [20] [21] between Li2O2 and MCNT surface.
Most of the researches on Li-O2 batteries (LOBs) or LABs are carried out in pure O2
atmosphere to exclude the influence of CO2 and H2O. The O2 partial pressure and O2 solubility in electrolyte solvents have been revealed to play a pivotal role on the battery performance such as discharge capacity and rate capability. 14, 22 This will raise a dilemma how
LABs perform when they are moved from O2 atmosphere into air or dry air, in which O2 only accounts for 21% versus 78% of N2. Therefore, carriers of high O2 uptake need to be developed for LABs for the sake of the relatively low O2 partial pressure in air. It was found that perfluorotributylamine as a firstly reported O2 carrier was added into the electrolyte to increase the O2 concentration and enhance the discharge capacity and rate capability in pure O2 atmosphere. 23 Even though there are lots of artificial and natural redox mediators for Li-O2 batteries in pure O2, [23] [24] [25] [26] [27] no O2 carrier (or shuttle) with both O2-carrier ability and catalytic activity has been investigated in air (21% O2 The MCNT radicals including C-O, O-C=O, and C=O groups are reactive to Li2O2/O2 -and successfully coated by MnO2, which is indicated by FTIR (Supporting Information Figure S4a) and XPS towards C1s and O1s (Supporting Information Figure S4b, 33 Meanwhile, the contact angle of the nanocomposite towards tetraethylene glycol dimethyl ether (TEGDME) is 50 º, which is 21 º smaller (inset of Figure 1g ) than that of naked MCNTs (71 º), suggesting that the wettability of the nanocomposite towards TEGDME-based electrolyte is increased by the coating layer of MnO2.
To confirm the catalytic activity towards Li2O2 decomposition of MCNTs@MnO2 refering -salen)2-O2 2-, which has been confirmed by electronic spectra 31 and density functional theory (DFT) calculation (Supporting Information Scheme S1, Table S1 and S2). This "air-switch step" makes it certain that all the oxygen used during discharging process comes from dissolved oxygen in electrolyte and would not be replenished from the atmosphere. The discharge time of LABs with Co II -salen is almost 10 times of that without Co II -salen at both 10 mA g -1 (3 μA cm -2 ) and 50 mA g -1 (15 μA cm -2 ). The selection of small discharge current aims to reduce the effect of O2-concentration polarization on O2-comsumption calculation. According to discharge capacity, the apparent O2 solubility of electrolyte with 5 and 0 mM salen is 4.61 mM and 0.49 mM, respectively (the caculation process can be seen in Supporting Information). Generally speaking, the capacity is limited by many factors such as the pore volume, surface area of the cathode, and surface passivation of active sites, as discharge proceeds. While, the total discharge capacity used to calculate O2 solubility is 0.032 mAh cm -2 , which is only 0.59% limitation of the discharge capacity (>5.4 mAh cm −2 ) of the cathode (this maximum will be discussed later). There is still a mass of residual pore volume and surface area for Li2O2 deposition. Therefore, the effect of the above factors on discharge capacity used to calculate O2 solubility is negligible. When fixing the reduction potential of 2.5 V vs. Li + /Li on glass carbon electrodes, the oxygen reduction current of Co-salen is also much larger than that without Co-salen (Supporting Information Figure S9 ). This implies the much improved catalytic activity of Co-salen and its high (f) Cyclability and inset discharge/charge curves of the prototype LABs at 100 mA g -1 with
capacity of 2500 mA g -1 (100 mAh) based on the mass of cathode catalyst.
We assembled CR2032 coin-type LABs using different catalytic systems, namely, MCNTs,
Co-salen/MCNTs, MCNTs@MnO2, and two-catalyst system of Co-salen/MCNTs@MnO2. In comparison with the discharge/charge overpotential (1.42 V) of MCNTs-based cathode and
Co-salen/MCNTs, the two-catalyst system of Co-salen/MCNTs@MnO2 exhibits reduced overpotential gap of 0.69 V during the initial cycle at 100 mA g -1 (0.03 mA cm -2 ) (inset of Because high-capacity and high-energy density are highly needed for practical applications,
we further assemble large-scale batteries (12 cm  8 cm) (Figure 3e and Supporting Information Figure S15 ). Reversible capacity of 500 mAh (5.2 mAh cm -2 ) at 5 mA (0.052 mA cm -2 ) is obtained (Supporting Information Figure S16 ). Based on the total mass of the battery (4.0 g), the energy density is 325 Wh kg -1 , which is higher than that of commercial Liion batteries (~200 Wh kg -1 ). 36 This means the potential application of LABs with twocatalyst system in air. At the depth of 20% discharge/charge (2500 mAh g -1 , 1.0 mAh cm -2 ), the capacity retention of LABs is near 100% after 45 cycles and the retention of discharge terminal is 96.8% (Figure 3f ).
The superior rechargeability of LABs with two-catalyst system of Cosalen/MCNTs@MnO2 is also verified by reversible formation and decomposition of discharge product Li2O2 (Supporting Information Figure S17 ). Quantitative detection of O2 during battery charging shows a much higher OER efficiency of two-catalyst system than that with only MCNTs (Supporting Information Figure S18 ). Moreover, the obvious difference in chemical yield of Li2O2 between two-catalyst system and its counter part further shows an effective suppression of side reactions because of Co-salen/MCNTs@MnO2 (Supporting Information Figure S19 ).
In conclusion, we integrate nanocomposite catalyst of MCNTs@MnO2 cathode and soluble O2-carrier of Co-salen in electrolyte for LABs to operate in dry air with only 21% of O2. The δ-MnO2 coating layer (2 to 3 nm) on MCNTs@MnO2 nanocomposite catalyzes Li2O2 decomposition on charge and suppresses side reactions between MCNT surface and Li2O2.
Meanwhile, the facile and large O2 uptake capability of Co-salen enables LABs to deliver a large discharge capacity of 13050 mAh g -1 (3.9 mAh cm -2 ), comparable to that in pure O2 
Figure S4. FT-IR and XPS of MCNTs and MCNTs@MnO2 nanocomposite.
13. Figure S5 . Pore distribution of MCNTs and MCNTs@MnO2.
14. Figure S6 . Thermal gravity analysis (TGA) curves and EDS spectra of MCNTs@MnO2. 23. Figure S15 .The assembly process of pouch-type LABs.
24. Figure S16 . Discharge/charge profiles of pouch-type batteries at 100 mA g -1 .
25. Figure S17 . Process analysis of LABs with Co-salen/MCNTs@MnO2 or only MCNTs..
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26. Figure S18 . Quantitative detection of O2 during battery charging at 10 mA g -1 .
27. Figure S19 . 
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Preparation of the electrolyte
Tetraethylene glycol dimethyl ether (TEGDME) was purchased from Sigma-Aldrich and dried over 4 Å molecular sieves. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was used as received from J&K Chemical. Co 
Synthesis of MCNTs@MnO2
The composite of multi-wall CNT@MnO2 (MCNTs@MnO2) was synthesized via two-step sonication. For step 1, commercial multi-wall CNTs (5.5 mg, Beijing Cnano Technology Limited) were added to the aqueous solution of 1.84 M H2SO4 (11 ml) and sonicated for 60 min at room temperature (~20 °C) in a plastic tube. For step 2, after we suction out acid liquor of 8 ml from the tube and add aqueous solution of 0.1 M KMnO4 (8 ml) back, the original tube was sonicated for 60 min at room temperature (~20 °C). The preparation process is easily scaled by increasing the number of plastic tube. Once done, the contents was centrifuged with and DI water (deionized water) and absolute ethyl alcohol several times. Finally, the obtained products was dried at 100 °C overnight in ambient air. MCNTs@MnO2-L was synthesized sonication for 180 min in step 2, and the other conditions are the same as MCNTs@MnO2.
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Materials characterization
The composites of MCNT, MCNTs@MnO2, MCNTs@MnO2-L, and discharge product in Li-air batteries were characterized by powder X-ray diffraction (Rigaku MiniFlex600 
Electrochemical tests
The Electrochemical performance of nonaqueous Li-air was tested at room temperature using CR2032 coin-type batteries. These batteries consist of a lithium foil anode, a glass fiber separator (16 The gas for battery operation is high-pure oxygen or dry air that is composed of 21 % of O2 and 78% of N2. After resting for 10 to 20 h, the batteries were subjected to galvanostatic discharge/charge on a LAND battery testing system at room temperature.
Assembly of pouch-type LABs
Pouch-type LABs are assembled and investigated. They 
Rotating-Disk-Electrode (RDE) measurements
The electrochemical characterization was conducted in a three-electrode 
Apparent O2 solubility caculation
According to the reaction of 2Li + + O2 + 2e − ↔ Li2O2 and the formula of Cth = 26800×n/M, capacity of 1675.1 mAh is output by comsuming 1 g of O2. In the above formula, n is transfer electron number, 2; M is molecular weight, 32 g mol -1 . The discharge capacity with and without 5 mM Co-salen at 10 mA g -1 is 0.0247 mAh and 0.0026 mAh, respectively, corresponding to 4.61×10 -7 mol and 4.85×10 -8 mol of O2.
In consideration of the electrolyte volume of 100 μL, we obtain the apparent O2 solubility of 4.61 mM and 0.49 mM for 5 and 0 mM salen, respectively. In fact, the dissolved O2 in the electrolyte could not be completely consumed, because of the existance of O2 concentration gradient. Thus, the real value of O2 solubility is higher than above apparent value. We also applied surface elemental analysis by X-ray photoelectron spectroscopy (XPS) on MCNTs@MnO2. The high-resolution Mn 2p core level spectra show that Mn 2p3/2 (642.1 eV) and Mn 2p1/2 (653.7 eV) show a spin energy separation of 11.6 eV, which is in agreement with the reported data for MnO2. [1−4] The splitting width of the Mn 3s doublet peaks is 5.1 eV, indicating that its oxidation state is between 3.5−4. [5] This result is also consistent with soft X-ray spectroscope. The fact that Mn valence between 3.5−4 rather than 4 is probably caused by oxygen defects, which is good for ORR/OER catalysis. [6] Figure S3. XRD of MCNTs@MnO2 and MCNTs@MnO2-L.
Soft X-ray absorption spectroscopies (SXAS) are used to reveal the valence bond transition during synthesis procedure of MCNTs@MnO2 nanocomposite. At the carbon K-edge, we can obviously observe a significant increase in the peak absorption intensity around 289 eV as compared to MCNTs control, which is attributed to the C−O functional groups on MCNTs. [7] This suggested possible formation of C−O−Mn bonds in the composite materials. As the reaction time turns longer (MCNTs + KMnO4 → CO2↑ + MCNTs@MnOx + K2CO3), the peak intensity of C=C bond (~286 eV) decreases, because abundant C=C open along with more and more C-O-Mn (~289 eV) formation. [8, 9] Besides, a lower adsorption intensity of the π* peak of ∼286 eV (C−K edge) of the composites as compared to the MCNTs control is observed, suggesting possible electron transfer from Mn to MCNTs in the composite material. [10] The bond formations and charge transfer indicate the intimate couplings between MnOx coating layer and MCNTs. Based on the earlier reports of the O K-edge absorption spectra, [11, 12] the first intense pre-edge peaks (530.4 eV and 533.0 eV) corresponds to the transition of O 1s electron to the hybridized state of Mn 3d and O 2p orbitals, whereas the broad higher energy peaks (around 545 eV) correspond to the transitions to hybridized states of O2p and Mn 4sp orbitals. Namely, peaks at 530.4 eV and 533.0 eV are from the electron jump of O1s to eg↑t2g↓ and eg↓of Mn3d orbits in MnOx. For the Mn ions in MCNTs@MnO2 and MCNTs@MnO2-L, the peaks at 640 to 645 eV and 654.5 eV are due to the respective electronic transitions from Mn 2p3/2 and 2p1/2 core level. [13] The peak intensity of Mn (IV, 642.0 eV and 644.4 eV) increases with reaction going, suggesting that the trace of Mn (II, 641.3 eV) and tiny of Mn (III, 643.0 eV) continuously transform to Mn (IV). According to the change of peak intensity in MCNTs@MnO2 and MCNTs@MnO2-L, proportion of Mn (IV) increase and proportion of Mn-ion with low valence state decreases, also indicating the transformation from Mn (II) and Mn (III) to Mn (IV). The data shown by SXAS suggest that a small amount of low-valence Mn-ion and large amount of Mn (IV) form at early stage of the synthesis reaction, and as reaction time prolongs, more and more C-O-Mn forms and the surviving low-valence Mn-ion continuously transform to Mn (IV). . This figure combines amplifying curves in Figure 1h and CV curves of Co-salen/MCNTs. Co-salen/MCNTs stands for the LABs with 5 mM Co-salen in electrolyte and MCNT cathode.
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Because the same amount of Li2O2 was deposited during discharge, the integrated area under the oxidation peaks for each electrode is identical in theory. In fact, the electrodes with Co-salen/MCNTs or MCNTs have poor catalytic activity towards Li2O2 decomposition and thus need higher voltage (>4.2 V) to oxidize Li2O2. So, the integrated areas under the oxidation peaks for each electrode between 3.0 and 4.2 V are not same. In order to eliminate the risk of electrolyte decomposition, the voltage window is limited below 4.2 V.
In addition, the weaker oxidation current and much higher onset potential of Co-salen/MCNTs than that of MCNTs@MnO2, indicating poor catalytic activity of Co-salen/MCNTs towards Li2O2 decomposition. The concentration of Co II -salen in 1 M LiTFSI/TEGDME electrolyte is adjusted from 0 mM to 1, 5, and 20 mM and the colors gradually vary from light-colored to dark in the inset graph. The linear sweep voltammetry (LSV) of these electrolytes on MCNTs coated glassy carbon electrode is shown above. In comparison with other three concentrations, the electrolyte with 5 mM Co II -salen exhibits more positive ORR onset potential as well as higher catalytic current density. Therefore, the optimal concentration of Co II -salen in the TEGDME based electrolyte is 5 mM. O2 and (Co-salen)2-O2 rather than Co-salen self could be reduced. So, above capacity only relates to O2 consumption. Correspondingly, the apparent O2-solubility without Co-salen is 0.51 mM, which is much smaller than that with Co-salen. Those data imply the much improved catalytic activity of Co II -salen and its high reversible O2 uptake capability. Notably, the value of apparent O2-solubility without Co-salen is close to that calculated by battery discharge (0.49 mM) in Figure  2e . 
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Figure S15. The assembly process of pouch-type LABs. Above glass fiber contains 5 mM Co-salen in 1 M LiTFSI/TEGDME.
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Figure S16. Discharge/charge profiles of pouch-type batteries.
Even though the charging overpotential of pouch-type LABs is higher than that of coin-type LABs, the charging process is also shown. The reversible discharge/charge capacity is 500 mAh, corresponding to 5.2 mAh cm -2 . In consideration of the total mass of the pouch-type battery is 4 g, the reversible capacity is 120 mAh g -1 .
Optimizing the assembling technology is necessary to improve reversible capacity and reduce overpotentials. In order to verify the superior rechargeability of LABs with two-catalyst system of Co-salen/MCNTs@MnO2, the cathode was dismantled from the batteries and analyzed at 4 different discharge/charge states and the LABs with only MCNTs act as the counterpart ( Figure  S17a ). After discharge to 1000 mAh g -1 , the MCNTs@MnO2 cathode is covered by echinus-like product with diameter of ~500 nm (state I). After recharging, the uniformly stacked product vanishes (state II). With LABs cycling, echinus-like product repeatedly appear and disappear (state III and state IV) ( Figure S17b ), suggesting the high catalytic efficiency of Co-salen/MCNTs@MnO2 system towards ORR and OER. On the contrary, the discharge product
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of MCNT cathode is aggregated and residuals are still can be observed on MCNT surface after charging or recharging ( Figure S17c ), indicating the difficulty on decomposing discharge products. The morphology difference of discharge products also confirms that two-catalyst system of Co-salen/MCNTs@MnO2 accelerates Li2O2 formation in electrolyte. The discharged/charged cathodes of the LABs with Co II -salen in the electrolyte and operated in dry air were analyzed by X-ray diffraction (XRD) ( Figure S17d) . The reversible formation and decomposition of Li2O2 in the discharging and charging processes can be monitored by its characteristic diffraction peaks in comparison with the standard Li2O2. This is in accordance with the discharge/charge profiles in Figure S17a . In electrochemical impedance spectroscopic analysis (EIS) of LABs with Co-salen/MCNTs@MnO2, the charge-transfer resistance (Rct) is increased from 230 to 330 Ω after the first discharge. While, Rct is recovered to 232 Ω after charge. This indicates reversible generation and decomposition of Li2O2 at the cathode surface. [14] In comparison, the impedance of MCNT based LABs endured 245, 365, 320 Ω at pristine, discharged, and recharged states, respectively ( Figure S17e) . The unrecovered Rct agreed well with the recharged cathode containing residuals in Figure S17c Quantitative detection of O2 is carried out in a vessel with 500 mL of Ar. A discharged battery with or without 5 mM Co-salen and an O2 probe (TAMASAKI, B-506, ± 0.01 ppm) are in the vessel. Quantitative detection of O2 during battery charging is also carried out.
The LABs with two-catalyst system of Co-salen/MCNTs@MnO2 actually produce O2, the amount of which is close to its theoretical value (3.56 ppm min -1 ). This shows a much higher OER efficiency than that with only MCNTs. The Raman (DXR 633 nm laser) indicates that the LABs with both MCNTs and two-catalyst system after the 1st discharge are dominated by Li2O2; while, after the 20th discharge, Raman offers solid evidence of serious side reactions on the MCNT cathode. In addition to Li2O2 (~790 cm -1 ), the peaks at ~1100 cm -1 are assigned to Li2CO3. On the contrary, significantly weaker Raman peak of Li2CO3 is observed on the cathode with two-catalyst system after the 20th discharge. This may stem from the trace of CO2 in dry air and the partial decomposition of the TEGDME-based electrolyte. We here use integral areas of Raman peaks to roughly calculate chemical yields of Li2O2. After the 1st discharge, the chemical yields are 99% and 93% in LABs with Co-salen/MCNTs@MnO2 and only MCNTs, respectively. In sharp contrast, the chemical yields of Li2O2 in Co-salen/MCNTs@MnO2 system is 60% after the 150th discharge, which is close to that of MCNT based LABs after 20 cycles. The obvious difference in chemical yield shows an effective suppression of side reactions due to the two-catalyst system of Co-salen/MCNTs@MnO2 in comparison with MCNTs. How to circumvent or restrain the formation of Li2CO3 during long cycles in dry air (or ambient air with 300 to 400 ppm of CO2) is currently a material and technology challenge.
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Scheme S1. DFT calculation on the molecular structure optimization of Co 
